A spectroscopic method of monitoring the atmospheric CO 2 mixing ratio vertical profile from space is described. An experimental design is presented for a solar occultation mode with the O 2 A band in the visible region to retrieve pressure and temperature profiles first, and then several CO 2 bands in the infrared region at 4.3, 2.7, and 2.0 m to obtain CO 2 mixing ratio profiles. Instrument techniques considered are low resolution Fourier transform spectrometry and radiometry of various bandwidths. Simulations indicate that the precision of the pressure, temperature, and CO 2 mixing ratio measurements for an altitude region 30 -10 km are less than 1%, 1 K, and 1%, respectively, for the case of the Fourier transform spectrometer and approximately 1%, 1 K, and 2% for the case of the radiometer. With careful experimental design, measurements can be made with better precision and also can extend below 10 km. This inferred precision of CO 2 may be considered to be good enough for investigating atmospheric dynamics when CO 2 is used as a tracer and also for measuring spatial and temporal variations of CO 2 mixing ratios in the range of 0.5-6.5% of 350 parts per million by volume in the troposphere and the lower stratosphere.
Introduction
It is important to determine the natural variability and long-term anthropogenic increase of atmospheric carbon dioxide ͑CO 2 ͒, which is caused primarily by fossil-fuel combustion and biomass burning 1, 2 in order to study its long-term effects on climate change. When CO 2 is used as a tracer, global measurements of CO 2 in both the troposphere and the stratosphere can be used to infer the dynamic parameters of the atmosphere that are necessary for the modeling of transport of other atmospheric constituents. There have been numerous investigations of CO 2 ͑see subsequent discussion for references͒ through direct measurements and theoretical modeling of spatial distributions, the annual increase rate, and the transport from troposphere to stratosphere, to name a few. However, the global network of measurements of CO 2 at ground level, in the troposphere, and in the stratosphere is not yet well enough established for us to have a comprehensive understanding of sources and sinks as well as distribution mechanisms of CO 2 . Our effort at theoretical modeling faces difficulty predicting CO 2 distributions because of a lack of adequate input data.
At ground level Conway et al. 2 reported that the mean global CO 2 growth rate from 1981 to 1992 was 1.43 ppmv yr Ϫ1 ͑parts per million by volume per year͒, reaching to as much as ϳ2.5 ppmv yr Ϫ1 in the period [1987] [1988] ; that the magnitude ͑peak to peak͒ of the seasonal cycle was highest at high northern latitudes ͑e.g., 12-22 ppmv͒ and decreased toward the south ͑i.e., ϳ8 ppmv at mid-latitudes, ϳ4 ppmv at the Equator, and ϳ1.5 ppmv in the southern hemisphere͒; and that the North Pole-South Pole difference of mean CO 2 was 3 to 4 ppmv during [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] . This range of magnitude of latitudinal gradient of CO 2 was caused primarily by interhemispheric differences in emissions from fossil-fuel combustion according to Denning et al. 3 who used a general circulation model ͑see also Ref. 4͒ . Additional simulation results on global CO 2 distributions can be found in Potter et al., 5 Denning, 6 and Barron et al. 7 In the upper troposphere and the lower stratosphere, Bischof et al. 8 found by analyzing cryogenic samples collected from balloon and aircraft platforms in midlatitudes in 1979, 1982, and 1984 , that CO 2 mixing ratios decreased by 7 ppmv from the tropopause to the midstratosphere and that the growth rate is 1-1.5 ppmv yr Ϫ1 as high as 35 km, which is consistent with the ground-level observations. They also found that the transport time lag from troposphere to stratosphere is ϳ5 years. Aircraft measurements by Na-kazawa et al. 9 in 1984 and 1985 indicate that in the upper troposphere ͑7.2 km͒ the latitudinal gradient of the annual mean was small ͑ϳ0.8 ppmv͒ but the seasonal variation ͑peak to peak͒ was at its maximum 9.4 ppmv over Anchorage and decreased toward the south, reaching ϳ2 ppmv. In the lower stratosphere ͑10 -12 km͒ CO 2 mixing ratios were lower than the upper troposphere values by 1.4 -2.1 ppmv, the annual increase rate was 1.1 ppmv yr
Ϫ1
, and the seasonal cycle was 2.2 ppmv at northern high latitudes.
Balloon measurements from 1982 to 1990 by Schmidt and Khedim 10 show that the mean CO 2 values decreased by ϳ10 ppmv from the upper troposphere to the lower stratosphere, remaining constant above ϳ24 km; that the annual variation in the midlatitude profiles in the upper troposphere was largest at Ͼϳ5 ppmv; and that in the winter Arctic region the CO 2 mixing ratios in the midstratosphere were highly variable, indicating that the annual growth rate may be as large as 3.5-5 ppmv ͑1988 -1990͒. These authors conclude that, on average, the annual increase of midstratospheric CO 2 is comparable with the temporal trend in the troposphere with a mean lag time of 5.6 years. Recent measurements from the NASA ER-2 aircraft in 1992-1993 by Boering et al. 11 show seasonal variations similar to earlier reports: 2-3 ppmv just above the tropopause and 7-9 ppmv ͑over 37°N͒ in the upper troposphere. These authors, along with Boering et al. 12 also discuss an exchange process between the troposphere and the stratosphere using their CO 2 data. Theoretical simulations of CO 2 distributions in the stratosphere by Hall and Prather 13 show qualitative agreement with measurements from balloon and aircraft platforms that were indicated earlier. For example, it was predicted that the amplitude of the annual cycle near 14 km is ϳ3 ppmv in the northern mid-latitude and polar regions and that the stratospheric CO 2 is less than the upper tropospheric value by ϳ6 ppmv, with a time lag of approximately 4 years.
In summary the observed variability of CO 2 in the upper troposphere and the stratosphere is in the range of 1-20 ppmv, and CO 2 mixing ratios may be constant above 25-30 km. These limited measurements and predicted data, however, may not represent the true global distributions, and global variability may be much larger.
Therefore satellite-based remote sensing of CO 2 is highly recommended. To monitor the spatial and temporal variability of CO 2 of the order of a few percent and larger ͑ϳ6.5%͒ an accurate and highprecision measurement is required. The proposed global measurement scheme to achieve this goal is a spectroscopic technique from a satellite by a solar occultation method. The spectroscopic remote sensing of the atmosphere, however, requires knowledge of pressure ͑ p͒ and temperature ͑T͒ of the atmosphere monitored in order to convert measured radiances ͑or transmittances͒ to concentration ͑or mixing ratio, ͒ profiles. In most cases one can first obtain profiles of p and T from the radiance measurements of a CO 2 band within the same experiment by assuming the atmospheric CO 2 concentration to be constant within a certain period and to be known from measurements at ground level. Therefore no attempt has been made to obtain CO 2 itself by remote sensing from space. In the current scheme, however, atmospheric O 2 is treated as a known parameter and radiances are measured in the visible O 2 A band to obtain p and T, and then the CO 2 mixing ratio is obtained from the radiance measurements in a CO 2 band in the same device.
The solar occultation technique has been shown to be a powerful technique for monitoring of the atmospheric constituents by the Halogen Occultation Experiment ͑HALOE͒ 14 on the Upper Atmosphere Research Satellite ͑UARS͒, 15 which can be used as the basis for the current proposed experiment. One disadvantage of solar occultation experiments is that the spatial coverage is limited because measurements can be made only during sunset and sunrise 15 times a day. A global sweep can be made over a period of ϳ30 days for a satellite orbit inclination of 57°, for example, to cover 80°N to 80°S. The lower altitude measurements are also limited because of clouds; however, it was shown by the HALOE that measurements could extend to ϳ4 -7-km levels for nearly 200 days in 1995. With these spatial coverages, occultation experiments can provide useful data for studying atmospheric transport processes. ͑See Appendix A for further discussion.͒ In the following sections measurement techniques for CO 2 from space are described and results of CO 2 measurement feasibility studies for the altitude region of 40 -10 km are presented. Further discussion on the applicability of CO 2 occultation data to the study of atmospheric dynamics is beyond the scope of this research.
Theory for Sensing of p, T, and
In this section the theoretical basis for the spectroscopic technique of obtaining the CO 2 mixing ratio by a solar occultation experiment is described. One can obtain the limb absorption or transmittance ͑͒ by dividing the measured solar signal ͑W͞cm 2 ͒ inside the atmosphere ͑N z ͒ by the signal outside the atmosphere ͑N o ͒, i.e.,
where p is the atmospheric pressure ͑atm͒, is the species mixing ratio, l ͑cm͒ is the atmospheric path length, and I is the solar radiance ͓W͑͞cm 2 sr cm Ϫ1 ͔͒. The parameters, f , ⌿, , and are the instrument spectral response function, the instantaneous fieldof-view ͑IFOV͒ function, and two angles that define angular extent of the IFOV, respectively, and are known from calibrations. The parameter k is the absorption coefficient at wave number ͑͒, which depends on atmospheric temperature and pressure. Therefore if p, T, k , and l are known, the species mixing ratio can be retrieved from measured values of N o and N z . The path length l becomes a function of p and T profiles in the lower stratosphere caused by refraction, but these dependencies can be properly dealt with by adopting an iterative procedure when p and T profiles are known.
The and N z and is used as the measured quantity to retrieve p, T, or . In the solar occultation experiment therefore the quantity is self-calibrated by the removal of instrument-related parameters, which can improve retrieval accuracy.
The coefficient k is computed with spectroscopic data ͑i.e., half-widths ␣ and line intensities S͒, which in turn are functions of atmospheric pressure and temperature. The line intensity S ͑atm Ϫ1 cm
Ϫ2
͒ is dependent on atmospheric temperature according to
where T o is a reference temperature, and n is equal to 2 for CO 2 and for O 2 . Park et al. 16 examined the sensitivity of S for CO 2 to temperature variation by computing the relative ͑%͒ changes of line intensity per unit degree ͑1͞S ͑dS͞dT͒͒ at temperature T as shown in Fig. 1 for lower-state energies EЉ ϭ 0, 100, 200, 400, 500, 1000, and 1500 cm
Ϫ1
. For the stratospheric temperature range ͑ϳ200 -270 K͒ the percentage change of S is much larger than 1.5% for a change of 1 K for EЉ Ͼ 1000 cm
. It was also shown that for a single CO 2 line mean transmittances that range from 0.1 to 0.9 are best suited for pressure or temperature sensing, and lines with energy states EЉ Ͻ 100 and EЉ Ͼ 900 cm Ϫ1 are good for temperature sensing. For EЉ values in these ranges temperature retrieval accuracy was shown to be better than ϳ3 K when instrument random noise of 0.5% absorption is present in the measured transmittance profile. The same argument can be applied to the O 2 band absorptions.
A. Profile Retrieval Method
Profile retrievals of p, T, and are made with an onion-peeling technique. 16 For the case of FTS, the nonlinear least-squares-fit ͑NLSF͒ technique is used additionally. 18 With the current experiment we can obtain two atmospheric unknown parameters, p and T, simultaneously by measuring quantities defined by Eq. ͑1͒ for the O 2 A band in the visible region. In this case the O 2 mixing ratio can be assumed constant in space and time. Once the p and T profiles are retrieved from the O 2 band absorptions, the CO 2 mixing can be retrieved from infrared measurements ͓defined in Eq. ͑1͔͒ in several CO 2 bands at 15, 4.3, 2.7, or 2.0 m.
B. Spectroscopic Data
The source of the spectroscopic data that are used for current study is the 1992 version of the highresolution transmission molecular absorption database ͑HITRAN͒. 19 The absorption cross sections are computed by a line-by-line technique.
Visible O 2 A Band for p and T Sensing
The O 2 band in the visible region, 12900 -13166 cm Ϫ1 , consists of four branches of rotational transition lines from various lower-state energies ͑i.e., P P, P Q, R Q, and R R͒. Figure 2 shows the line intensities versus the wave number of this band in the upper frame and the lower-state energies for each transition in the lower frame. Note that lines with lower-state energies, EЉ Ͼ ϳ900 cm Ϫ1 , are shown as dotted lines. This A band was used ear- lier to retrieve atmospheric temperature by investigators including Matsuzaki et al. 20 who used a rocketborne spectrometer with 1.2-cm Ϫ1 resolution and both Chu et al. 21 and Nakajima et al. 22 who used theoretical simulations for satellite application.
Two FTS spectral simulations for the region 13126 -13166 cm Ϫ1 are shown in the upper frame of Fig. 3 for a z ϭ 29-km tangent ray path, one for nominal tangent temperature and the other for perturbed tangent temperature increased by 10 K. These FTS spectra are apodized with a triangular function with a maximum optical path length L ϭ 100 cm ͑where unapodized resolution is equal to 1͞2L͒. The difference spectrum between the two ͑perturbed minus nominal͒ is shown in the lower frame. Note that the negative difference corresponds to increased absorption caused by an increase in temperature. Three distinct regions are visible in this figure, especially for the weaker lines that are useful for lower stratospheric sensing: ͑1͒ a region 13160 -13166 cm Ϫ1 ͑EЉ Ͼ ϳ700 cm Ϫ1 ͒ of increased absorptions for the 10 K increase, ͑2͒ a region 13126 -13150 cm Ϫ1 ͑EЉ Ͻ ϳ100 cm Ϫ1 ͒ of decreased absorptions for the 10 K increase, which appears smaller in magnitude than the first interval because of line saturation and instrument line convolution, and ͑3͒ a region 13150 -13160 cm Ϫ1 ͑EЉ ϳ 200-500 cm Ϫ1 ͒ of weak response to the 10 K increase. On the basis of the preceding argument, the first region is most suited for temperature sensing. Another spectral region of this band, Ͻ 13000 cm Ϫ1 ͑EЉ Ͼ 900 cm Ϫ1 ͒, is also good for temperature sensing. Pressure can be retrieved, on the other hand, from lines other than these temperature-sensitive lines within the O 2 band. Therefore, if appropriate spectral intervals throughout the O 2 band are selected, temperature and pressure can be retrieved simultaneously.
Infrared CO 2 Bands for the Sensing of
Several infrared CO 2 absorption bands ͑e.g., 15, 4.3, 2.7, and 2.0 m͒ can be used for CO 2 mixing ratio retrievals as was indicated earlier by the use of p and T that were retrieved from the O 2 A band measurements.
Three broadband absorptions at 4.3, 2.7, and 2.0 m were studied earlier by Park et al. 23 for p retrievals for three atmospheric regions, 55-35 km ͑2296 -2340 cm Ϫ1 ͒, 35-10 km ͑4935-5005 cm Ϫ1 ͒, and 50 -10 km ͑3520 -3529 cm Ϫ1 ͒, with instrument random noise of 0.5% ͑in transmittance units͒ and T random error of 5 K. The inferred p errors ͑random͒ from a single retrieval were within 4% for the first two bands. The third band was estimated to give similar but slightly less accurate results. Furthermore, the 4.3-m band was studied by Park et al. 16 for simultaneous retrieval of p and T from radiometric measurements with spectral intervals 2250 -2260 cm
Ϫ1
͑for p͒ and 2380 -2390 cm Ϫ1 ͑for T͒. The reported p and T errors of the single retrieval from radiometric measurements that had 0.5% random instrument noise were less than ϳ3% and ϳ3 K below 40 km. This band was also studied by Toth 24 for temperature sensing in the stratosphere. Later the 2.7-m band was used successfully in the HALOE instrument on the UARS satellite platform for pressure retrieval in the upper atmosphere with uncertainties of Ͻϳ3%, which was better than those predicted by Park et al. 23 These p errors can be related to the mixing ratio retrieval error according to Eq. ͑1͒ when p and T are assumed to be known instead. The uncertainty in p may cause additional but small error in through the half-width dependency on p. Therefore similar error magnitudes are expected for CO 2 retrieval from the infrared CO 2 band absorption measurements. The 4.3-, 2.7-, and 2.0-m bands were chosen for the current study.
Line intensity ͑and EЉ͒ versus wave number is shown in Fig. 4 for the 4.3-m band. The lines for EЉ Ͼ 900 cm Ϫ1 are shown as dotted lines like the O 2 band. O 3 interferes in this spectral region slightly ͑see discussion in Section 5͒. To cover the atmo- Fig. 3 . FTS simulations at z ϭ 29 km tangent altitude for T at a nominal value and at nominal value ϩ10 K for the maximum optical path difference L ϭ 100 cm. The difference between the two is shown in the lower frame; the negative value indicates increased absorption for the 10 K increase. The height of a tick mark at the top is proportional to the line intensity. spheric region of 80 -10 km, for example, either one broadband ͑ϳ120 cm Ϫ1 ͒ or multiple narrow bands ͑ϳ5-10 cm Ϫ1 wide͒ of various line intensities can be used. A FTS spectral simulation ͑L ϭ 50 cm͒ of 2220 -2270-cm Ϫ1 interval for z ϭ 29-km tangent path is shown in Fig. 5 . The spectral region below 2240 cm Ϫ1 is useful for altitudes Ͻϳ25 km although the absorptions become more dependent on T because of high EЉ values. This problem can be solved with accurate T information from the visible channels, as will be shown subsequently. The spectral region above 2250 cm Ϫ1 is good for higher altitude coverage ͑ z Ͼ 30 km͒.
For emphasizing the lower atmosphere measurements, other CO 2 bands of weaker absorption at 2.7 and 2.0 m can be considered. Figure 6 shows line intensity versus wave number for the region 3500 -3600 cm
. H 2 O interferes in this region ͑see discussion in Section 5͒. A FTS simulation ͑L ϭ 50 cm͒ for the 29-km tangent path is shown for 3500 -3550 cm Ϫ1 in Fig. 7 . Figure 8 shows another weak absorption band ͑4900 -5100 cm Ϫ1 ͒ line intensity versus wave number. A FTS spectral simulation ͑L ϭ 50 cm͒ at 29 km is shown in Fig. 9 . The spectral regions 4940 -5010 cm Ϫ1 and 5060 -5100 cm Ϫ1 are weak in intensity so that signals do not saturate ͑or nonzero transmittance values͒, are less sensitive to T variation ͑EЉ Ͻ 900 cm Ϫ1 ͒, and are not interfered with spectrally by other gases in the lower atmosphere. Therefore these bands are ideal for lower stratospheric and tropospheric sensing.
Measurement Techniques
Even though the p and T information is available globally from other methods such as the Global Positioning System, 25 absorption measurement in a CO 2 band cannot guarantee the precision of the CO 2 profile because it requires absolute pointing information in order to retrieve an accurate CO 2 profile. Furthermore, spatial and temporal differences between the two experiments cause additional errors. It is therefore essential to adopt a device that will measure radiances in both the visible and the infrared regions for obtaining p, T, and simultaneously.
A spectroscopic method with the solar occultation technique is an accurate way of measuring both visible infrared radiances. Simultaneous measurements in the visible and the infrared can be made with a dichroic mirror to split the sunlight into the two spectral regions in a given instrument ͑see Ref. 26 and Appendix B͒. In occultation measurements very high signal-to-noise ratios can be achieved with current technology. For example, Russell et al. 14 reported noise of less than 0.05% ͑on transmittance scale͒ in infrared channels in a solar occultation experiment. In this proposed experiment, however, relative positions of tangent heights must be known precisely; this can be achieved with a fine Sun sensor array device. 14 Application of a FTS technique is ideal for accurate measurements with resolutions that start from as low as 0.5 cm Ϫ1 ͑L ϭ 1 cm͒. The concept of the use of a low resolution FTS system is feasible, according to a study by Giroux. 27 The vertical resolution must be evaluated carefully for the case of a FTS application. Additional discussion on error sources for the FTS is deferred to Section 5. A narrow-band grating spectrometer design to be used for the Improved Limb Atmospheric Spectrometer II ͑ILAS-II͒ experiment ͑see Appendix B͒ is another technique adequate for this proposed experiment. A narrow-band filter radiometer ͑Ͻϳ30 cm Ϫ1 ͒ design can also be used if desired.
Retrieval Simulations
One carries out retrieval simulations by creating synthetic spectra first, then by adding instrument noise. Error budgets for all possible error sources other than instrument noise will be discussed in the Section 5. Profile retrievals of p, T, and are made with an onion-peeling technique at 3-km intervals in the 44 -11-km region for the mid-latitude spring condition. The nominal value of CO 2 is 350 ppmv. Retrieval errors are presented in terms of standard deviations ͑s.d.'s͒ from the mean of seven profiles as indicators of measurement precision, which is also discussed in Section 5. In the simulation p is treated as an independent coordinate, and relative positions of tangent altitudes are assumed known with a technique such as fine sun sensor detector array, as was indicated earlier.
A. Fourier-Transform Spectrometer Simulation
Three cases of spectral resolutions-high resolution ͑L ϭ 100 cm͒, medium resolution ͑L ϭ 10 cm͒, and low resolution ͑L ϭ 1 cm͒-are studied. Synthetic observed spectral data are created with the addition of instrument random absorption noise of 0.3%. One of the error sources in the FTS measurement is an uncertainty in the knowledge of instrument line shape ͑ILS͒. The topic of ILS effects on FTS spectral analysis can be found in Guelachvile, 28 Park, 18 and Park and Carli. 29 The concept of an effective apodization 18 to account for the combined effects of all types of noise on the ILS is applied in the current study. The effective apodization function, f eff , is used in this study. It is given by
where ␦ is the optical path difference and n is the random noise with 1 value of 0.02 to account for the combined noise effects on ILS. Both the instrument noise ͑0.3%͒ and n values ͑0.02͒ are conservative upper values and can be reduced greatly with careful design of the instrument. This formula represents the reported FTS data from other measurements ͑e.g., Refs. 17 and 29͒ fairly well. The second term of Eq. ͑3͒ is a nominal value. An expected error budget for ILS perturbation is discussed in Section 5. The NLSF technique is used to retrieve p and T simultaneously from the O 2 band and then from the CO 2 band, with a spectral interval of ϳ5 cm Ϫ1 for each case.
Simultaneous p and T Retrievals
Simultaneous p and T retrievals with the NLSF techniques are performed for a tangent altitude range of 44 -11 km for the region of 13,160 -13,165.5 cm , and therefore p and T can be retrieved simultaneously. Above the first altitude, 44 km, p and T profiles are assumed to be known but with random noise of 10% and 10 K, respectively. Because the mass path of a tangent layer ͑with 3-km vertical height͒ accounts for ϳ70% of the total mass path, the results below 41 km do not depend greatly on uncertainties above the 44-km height. The retrieved p and T results for the case of L ϭ 10 cm are shown in Fig. 10 . The average of retrieval errors with seven random number sets is shown by a solid curve with the s.d. values of the seven profiles shown on each side of the mean errors as dotted curves. In this spectral region good results for p retrieval ͑mean 
Retrieval
The CO 2 retrievals for three spectral regions-1, ͑2235-2240 cm Ϫ1 and 2255-2260 cm For the high-resolution ͑L ϭ 100 cm͒ and lowresolution ͑L ϭ 1 cm͒ measurements retrieved p, T, and results are similar, but altitude coverage is better for the higher-resolution case. Results shown in Figs. 10 and 11 are for simulations of one 5-cm Ϫ1 interval for a given altitude region although s.d. values can be improved by averaging results from other spectral regions. Especially for CO 2 retrievals several spectral intervals with stronger absorptions that have best sensitivities for particular altitude ranges can be used successively to improve the s.d. values of a combined retrieved profile by at least a factor of 2. The upper region of the atmosphere has larger precision values of because temperature retrieval is not optimized in the current report. Note that the accuracy of T retrieval is limited because of weak line intensities but that the temperature profile can extend to approximately 45 km with better accuracy with the pressure profile, relative pointing information from the previously mentioned fine Sun sensor data, and the hydrostatic equation. For tropospheric sensing ͑ z Ͻ 15 km͒, the spectral region at 2 m ͑see Fig. 8͒ can give the best results. The average s.d. values in each 6-km range for the case of L ϭ 10 cm are summarized in Table 1 .
B. Radiometric Simulation
For the radiometric measurement case it is easier to retrieve temperature and pressure separately from different channels. Values of p channels are first retrieved and then used for T retrievals ͑and vice versa͒. The process is repeated several times until the two parameters converge to within predetermined criteria. This radiometric measurement technique is similar to the p and T retrievals from the CO 2 absorptions in the 4.3-m region reported by Park et al. 16 Three narrow-band channels 0.5-1.5 cm Ϫ1 wide are used for p and T retrieval studies. For retrieval simulations several bandwidths-5, 10, 20, 40, and 60 cm Ϫ1 -are studied. Note that as was indicated earlier ͑see also Appendix B͒ the narrow-band technology ͑ϳ0.5 to 1.5 cm Ϫ1 wide͒ in the visible region is currently available for space application. 26 ͓i.e., log 10 ͑S͒ ϳ Ϫ7͔ for the lower stratosphere and the upper troposphere to cover a wider altitude region. . Channels with 1.5-cm
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Ϫ1
-wide filters ͑a single channel, 13,127.2-13,128.7 cm Ϫ1 for p, and 13,162.6 -13,164.1 cm Ϫ1 for T͒ gave similar results, but the altitude coverage was reduced by 3 km at the top.
Retrieval
For radiometric simulations, multiple 5-cm Ϫ1 bandwidth channels are used for each of three regions: 1, ͑2230 -2270 cm Fig. 12 are used, but p and T errors are reduced by a factor of 1.2, given that there are more than ten channels that can be used to reduce errors. The effects of uncertainties in the amounts of interfering gases H 2 O and O 3 for regions 1 and 2 are discussed in Section 5.
Percentage errors of retrieved mixing ratio profiles for regions 1, 2, and 3 are shown in Fig. 13 ; s.d. values of multichannels were averaged in each interval. The first frame ͑2230 -2270 cm Ϫ1 ͒ has eight channels that are averaged; the first channel covers the top altitude segments ͑2265-2270 cm Ϫ1 ͒, progresses downward, and ends with the 2230 -2235 cm Ϫ1 channel at the bottom segment. The second frame has seven channels, and the last frame has five channels averaged for the altitude regions shown. For all spectral regions the mean retrieval errors are 2% at 40 -30 km and Ͻ1% below 30 km. The s.d. values on the average are ϳ2.5% ͑38 -14 km͒ for region 1, 2.0% ͑38 -11 km͒ for region 2, and 2.0% ͑26 -11 km͒ for region 3. Spectral region 3 is confined to the region of z Ͻ 30 km because of weak absorptions. CO 2 can be retrieved with similar accuracy from various bandwidths ͑e.g., 1-70 cm Ϫ1 ͒ that cover the altitude region 40 -10 km. For region 1 CO 2 retrieval results with a 40-cm Ϫ1 -wide band ͑i.e., 2230 -2270 cm Ϫ1 ͒ are shown in Fig. 14 as s.d . values of the 14-profile average. The 14 profiles are chosen because they are equivalent to the one-day occultation profiles of sunset or sunrise ͑see Appendix A͒, and therefore the average represents a zonal average of a given latitude. The 40-cm Ϫ1 -wide channel can cover an altitude range larger than that of the 5-cm
Ϫ1
-wide channel because lines with different intensities can cover altitude segments successively. This channel therefore is equivalent to multiple narrow-band channels, each with a better sensitivity in a different altitude region to cover a wider altitude range. This case is shown particularly because it is close to the ILAS-II experiment design that is described in Appendix B, where 1.5-cm
-wide p and T channels in the visible and an ϳ40-cm Ϫ1 -wide CO 2 channel in the -wide͒ channels. The first frame is an average of eight channels within the interval indicated, the second frame is an average of seven channels, and the last frame is an average of five channels. Each channel is selected to cover a certain altitude region that gives a better result.
4.3-m region are considered. If the ILAS-II design is finalized as planned, it will be the first test of this concept that is used in space.
The results from the radiometric case are less accurate than those from the FTS case, but when more channels are used, accuracies can improve. There are more than 40 channels of p and ten channels of T in the visible region that can be used for averaging for the 1.0-cm Ϫ1 -wide filter case. Combinations of weak and stronger line intensities in the visible region can be used for wide altitude coverage for improving overall p retrieval accuracy. Likewise for infrared region there are several narrow bands that can be used for the lower stratospheric sensing. The accuracy can also be improved substantially by choosing narrower bandwidths. By averaging many channels, one can conclude that in the lower stratosphere p and T retrievals can be made with errors ͑s.d.͒ less than 1% and 1 K. With these improvements of p and T errors, CO 2 retrieval errors can be reduced to ϳ2% or less below 35 km. The average s.d. values in each 6-km range are summarized in Table 2 .
Error Budgets and Design Considerations
The simulated errors are presented as an average of seven retrieved profiles, and the s.d. values from the mean are also presented. These s.d. values reflect the precision and reliability of this proposed method although further justification is required. Discussion of measurement precision can be found for the case of atmospheric tracers obtained from the HA-LOE occultation experiment. 30, 31 In these reports the precision of the retrieved tracer mixing ratio ͑e.g., CH 4 and HF͒ was estimated by computing the zonal mean value and its standard deviation for one to three days of measurements ͑or 15-45 profiles͒ for a summertime mid-latitude case in which the longitudinal variation of tracers that is caused by dynamic effect is expected to be small. The authors concluded that the precision was better than ϳ6.5% and that the general dynamic features of the stratosphere were revealed from their measurements. Russell et al. 32 determined annual increase rates of total chlorine and fluorine amounts to be 3.75% yr Ϫ1 and 6.42% yr Ϫ1 on the basis of HALOE HCl and HF measurements in the upper stratosphere and the troposphere. Note that their estimated on-orbit precisions were 3-5% and their accuracies were ϳ14%. It is safe to say therefore that precision is a good parameter to use for studying spatial and temporal variation. The precision defined by the seven-profile average in the current study can be reduced further with one to three days of data, as reported by Park et al. 30 In the current proposed experiment the following error sources should be evaluated carefully. The accuracy of p, T, and measurements is defined by the simulated total error that includes systematic and random errors. Typical systematic error sources for the solar occultation experiment are IFOV offset between the visible and the infrared channels and the uncertainties of spectroscopic data. Because the proposed experiment is designed for relative change of the CO 2 mixing ratio, the systematic component is not discussed further. The random errors include instrument noise, pointer-tracker noise, uncertainties in aerosol extinction and Rayleigh scattering ͑vis-ible region only͒, uncertainties in absorptions by interfering gases, uncertainty in instrument line shape of the FTS or the grating spectrometer, temperature dependence of the interference filter, and other minor error sources.
One can make the tracking error small by adopting the fine Sun sensor array device technique that is used in HALOE and minimize filter dependence on T by measuring temperatures of various components in orbit. 14 In this case one knows relative positions of tangent heights precisely, and therefore one can extend temperature profiles above the top altitude shown in this paper by making use of accurate pressure profile information and the hydrostatic relationship.
One can minimize the interference effect by the aerosol extinction and Rayleigh scattering by designing the experiment to measure radiances outside the O 2 band , and e ϭ 4940 -4960 cm where extinctions by aerosols or Rayleigh scattering are dominant and then correcting for the extinctions inside the respective bands. Likewise for the CO 2 bands aerosol effects can be minimized with aerosol data from dedicated aerosol channels and the Mie theory. 33 region is best for the lower stratospheric and the upper tropospheric measurements because of weak line intensity and little spectral interference by other gases. Use of several CO 2 bands combined can be ideal.
The remaining major error sources are instrument noise and instrument line shape in the cases of the FTS and the grating spectrometer. For the FTS measurement, however, the ILS can be simulated well with the technique reported in Park. 17 The line shape for the grating spectrometer must be calibrated carefully if the technique is to be adopted for space measurement. As was indicated earlier radiometric noise in space instruments can be as small as 0.05% ͑transmit-tance scale͒. In the current simulations of measurement feasibility studies, a 0.1% ͑transmittance scale͒ level of noise was assumed, which is nearly twice the value achieved in space. Likewise, instrument noise ͑0.3%͒ and the effective apodization parameter uncertainty ͑n ϭ 0.02͒ in current simulations of FTS may be too large, and if smaller values are used precision values for CO 2 retrievals may improve substantially. For the grating spectrometer case, however, instrument noise that arises from signal cross talk between channels may become nonnegligible.
To achieve a high vertical resolution the IFOV needs to be made smaller than 1 km in vertical extent. It is typical in the case of a FTS application in a low altitude orbit of 57°-inclination that 1-s scanning time for an interferogram corresponds to ϳ3 km in vertical height. 34 It is suggested, therefore, that a scanning time of less than 0.3 s be achieved in order to have an adequate spatial resolution measurement.
Current studies are based on optimum conditions with several error sources indicated. When all possible error sources are considered, the precision for measuring CO 2 that was presented earlier may degrade somewhat. However, with careful experimental design the precision can be improved by averaging multichannel results, and the conclusions made in this paper should hold.
Summary
Spectroscopic techniques for the monitoring of atmospheric CO 2 in the solar occultation mode have been described. Precisions for obtaining atmospheric pressure and temperature first from the O 2 A band and then CO 2 from various CO 2 bands ͑4.3, 2.7, and 2.0 m͒ have been shown to be better for an FTS system, with values of less than 1%, 1 K, and 1%, respectively, for the altitude range 35-10 km. Other techniques with a grating spectrometer or a filter radiometer are still useful for the study of atmospheric transport processes between the troposphere and the stratosphere. One can improve substantially the precisions reported in this paper by selecting proper channels for various altitude regions; however, a thorough evaluation of error budgets must be carried out. For the tropospheric sensing of CO 2 the spectral region from 4900 to 5100 cm Ϫ1 looks best because of weak absorption ͑or nonsaturation͒ and weak dependency on T variation ͑see Fig. 8͒ . Trade-off studies of various instrument techniques for use in space and studies of filter selections and error budgets are currently underway. The current proposed experiment with the solar occultation experiment is based on the performance records of HALOE. 14 Since the launch of the UARS on 12 September 1991, the HALOE solar occultation experiment has performed in space better than originally expected ͑e.g., low instrument noise, stability of the pointing system, and nondegradation of instrument components͒. The performance of HALOE is well documented in several special journal issues dedicated to the UARS experiments. [35] [36] [37] The latitudinal coverage of HALOE occultation events for March 1995 is shown in Fig. 15 . This type of occultation coverage in space and time is adequate for the study of dynamic processes according to reports by various investigators. 30, 38, 39 Occultation measurements can be extended vertically to as low as ϳ4 km according to HALOE performance during 1995. Figure 16 shows the lowest altitudes at which HALOE made measurements and the corresponding number of occultation events ͑15 each for sunset and sunrise per day͒ during 1995. HALOE measurements extended to the ϳ4 -7-km region for nearly 200 days in 1995. The lower altitude penetration is limited because of the presence of clouds and signal saturation. With these spatial coverages occultation experiments can be useful for studying atmospheric transport processes. Furthermore, the annual trend of atmospheric gases can be studied with occultation data as reported by Russell et al. 32 who determined annual trends of atmospheric total budgets of chlorine and fluorine to be 3.75 Ϯ 0.22% yr Ϫ1 and 6.42 Ϯ 0.16% yr
Ϫ1
, respectively, from the occultation profiles of HCl and HF that have accuracies ͑i.e., total error that includes systematic and random errors͒ of the order of 14% and precision of 4 -5% in the midstratosphere and upper stratosphere. Note that uncertainties are of the order of 3-6% of the annual trend values. These results imply that if the precision of measurements of CO 2 is better than ϳ2%, then the annual trend of 1.4 ppmv yr Ϫ1 ͑ϳ0.4% yr
͒ of CO 2 can be determined. The CO 2 trend determination can be made in the altitude region of 30 -35 km, where spatial variation is expected to be small on the basis of available data. Further studies of the usefulness of occultation data are currently under way.
Appendix B: ILAS-II Occultation Experiment on ADEOS-II
The ILAS-II on the Advanced Earth Observing Satellite-II ͑ADEOS-II͒ is scheduled to be launched in 1999. 26 The ILAS-II is a solar occultation experiment to measure stratospheric constituents ͑from infrared channels͒ as well as pressure and temperature ͑from visible channels͒. The dichroic mirror is used to split the beam into visible and infrared regions in the design of ILAS-II. The ILAS-II makes use of two grating spectrometers for visible and infrared regions: a holographic concave grating spectrometer for the visible region to cover 12,755-13,280 cm Ϫ1 with 1024 pixel detectors and a Czerny-Turner type spectrometer for the infrared region to cover both the 850 -1610-cm Ϫ1 region with a 44-detector array and the ϳ1754 -3333-cm Ϫ1 region with a 22-detector array. Another high-resolution ͑0.2-cm Ϫ1 ͒ echelle grating spectrometer is used for the spectral region of 778.2-782.4 cm Ϫ1 with a 22-detector array. This type of high resolution spectrometer is adequate for the current proposed experiment to detect p, T, and the CO 2 mixing ratio simultaneously. 
